The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Optical waveguides of III-metal-polar and N-polar AlGaN are grown on sapphire substrates in order to test their use in integrated optics. The dispersion of the ordinary and extraordinary indices of refraction for films with aluminum mole fraction between 0.0 and 0.30 at four discrete wavelengths has been determined by the prism coupling method. The wavelength dependence of the refractive indices is described well by the first-order Sellmeier dispersion formula. The measurements show a 
Refractive index of III-metal-polar and N-polar AlGaN waveguides grown by metal organic chemical vapor deposition Optical waveguides of III-metal-polar and N-polar AlGaN are grown on sapphire substrates in order to test their use in integrated optics. The dispersion of the ordinary and extraordinary indices of refraction for films with aluminum mole fraction between 0.0 and 0.30 at four discrete wavelengths has been determined by the prism coupling method. The wavelength dependence of the refractive indices is described well by the first-order Sellmeier dispersion formula. The measurements show a small difference in the refractive indices between the two polarities, which is more pronounced at longer wavelengths. AlGaN grown by metalorganic chemical vapor deposition (MOCVD) has a great potential for optoelectronic devices emitting and detecting light in the ultraviolet (UV) wavelength regime. Possible applications for UV light-emitting diodes (LEDs) and lasers could be in the field of water sterilization, bio-agent detection and analysis, solid-state lightning, short-range covert communications, and lithography. There is a strong desire to substitute large inefficient and often toxic mercury lamps by the more reliable and compact solid state based devices. While there are some reports on the fabrication of AlGaN based LEDs in the UV region, only very limited information about direct emitting AlGaN semiconductor lasers is available. [1] [2] [3] [4] [5] [6] [7] [8] [9] Most of the problems that evolve during the fabrication of AlGaN based UV laser diodes may be accounted by the deep Si-donor and Mg-acceptor levels, high strain fields and dislocation densities due to large lattice mismatch between the substrate and active layers, as well as poor ohmic contacts for the p-and n-layers. [10] [11] [12] [13] A possible approach to avoid these issues is the second harmonic generation (SHG) of laser light. Typical birefringent materials used for SHG are barium borate (BBO) or lithium triborate (LBO). However, generating second harmonic light using these materials has its disadvantages since large crystals and high excitation laser power are needed; this makes the devices expensive, inefficient, and large. In addition, for most birefringent materials, phase matching in the deep-UV region (k < 220 nm) is not attainable.
An alternative to the traditional birefringent materials is the wide bandgap semiconductor AlGaN. This semiconductor belongs to the 6 mm point group, and thus, has five non-zero nonlinear optical coefficients where only two independent components d 31 and the largest d 33 need to be considered. The nonlinear optical coefficients d 33 of AlN, GaN, and AlGaN epitaxial films have been studied theoretically 14 and experimentally. [15] [16] [17] Measured nonlinear optical coefficients of AlN and GaN have different values; they depend on the film crystalline structure and the measurement method. The published values of the nonlinear optical coefficients of AlN range from a theoretical estimate of 3.8 pm/V 14 to a measured value of 12.0 pm/V. 17 Respectively, the measured values of the nonlinear optical coefficients of GaN range from 7.4 pm/V to 20.6 pm/V, 15 while theoretically, it has been estimated at 6.0 pm/V. 14 Since the transparency window of GaN ranges from 13.6 lm to 365 nm, while AlN remains transparent down to 200 nm, AlGaN alloys can be used for photonic devices from the far IR to the deep UV spectral region. 18, 19 Unfortunately, conventional phase matching techniques cannot be used in AlGaN thin films; however, quasi phase matching (QPM) is possible. [20] [21] [22] Therefore, a periodically modulated nonlinear structure is needed, which alternates the sign of the nonlinear coefficient in regular intervals and corrects for the relative phase mismatch between the fundamental and the frequency doubled light without matching the phase velocities. 23 In contrast to LiNbO 3 , in AlGaN this periodic change of the sign of the nonlinear coefficients can be achieved during growth (periodically oriented AlGaN). 24 The refractive index and its dispersion determine the QPM structure periodicity for a particular wavelength. In order to design and grow these structures and calculate achievable conversion efficiencies, an exact knowledge of the refractive index for both polarities of AlGaN over a wide compositional range is needed. In addition, a possible difference in the refractive indices between III-metal-polar and N-polar AlGaN would cause reflection losses at every interface between the domains of opposite polarity, which would drastically reduce the conversion efficiency of the SHG structure. As the two different polar surfaces incorporate point defects at a different rate during growth, 25, 26 the refractive index at the wavelengths of interest may be different for the two polar domains. In this work, the ordinary and extraordinary refractive indices of III-polar and N-polar Al x Ga 1Àx N (0 < x < 0.30) grown by MOCVD on sapphire substrates are determined using the prism coupling technique. It is found that Sellmeier equations can be used to fit the energy dependence of the refractive index over a very broad wavelength range. Furthermore, a slight difference between the refractive indices of III-polar and N-polar Al x Ga 1Àx N is found, especially for longer wavelengths.
III-metal-polar AlGaN films were grown heteroepitaxially on a 20 nm thick low-temperature (650 C) AlN nucleation layer on (0001) sapphire using a MOCVD reactor at a growth temperature of 1040 C, a V/III ratio of 100, and a reactor pressure of 20 Torr. 27 The above V/III ratio was attained by flowing 134 lmol/min of trimethylgallium and 0.3 slm of ammonia with a total flow rate of 7.4 slm using nitrogen diluent gas. The trimethylaluminium molar flow rate was adjusted between 0.0 and 0.17 lmol/min resulting in Al x Ga 1Àx N films with 0 < x < 0.26. The N-polar films were grown by applying the same growth parameters as for the III-metal-polar AlGaN, but without using the lowtemperature AlN nucleation layer. Since N-polar AlGaN films are usually rough, smooth N-polar GaN was grown using a 2 miscut (0001) sapphire to facilitate refractive index measurements. 28 A detailed description of the growth conditions for smooth N-polar AlGaN can be found elsewhere. 29 The composition of the AlGaN layers was determined by high-resolution x-ray diffraction in a triple axis geometry to determine the c-lattice parameter through the use of the (002) symmetric reflection and relating it to composition by using Vegard's law; it was assumed that the films were fully relaxed as expected from growth directly on a low-temperature AlN nucleation layer. Considering the maximum possible uncertainty in the strain state of the film, the maximum bound for the Al composition uncertainty is 60.025 of the reported values. 28 The prism coupling method was used to determine the refractive indices of the thin film waveguides. [30] [31] [32] A schematic drawing of the setup is displayed in Figure 1 . It consisted of an excitation laser, a prism to couple the light in and out of the sample, and a detector to measure the reflected laser light. All measurements were performed at four different wavelengths: Ar þ ion laser (457.9 nm), Nd:YAG laser (532 and 1064 nm), and HeNe laser (632.8 nm). A half-wave plate controlled the polarization of the incoming beam. A rutile prism was glued onto a custom made holder and the sample was pressed against the base of the prism. A converging lens focused the laser beam at the prism base. The reflected light was coupled out through the prism and directed onto a photodiode. The sample holder consisted of an xyz translator and a 3-axis angular stage, which enabled precise positioning of the focal point onto the prism base. The holder and the photodiode were mounted on two separate rotation stages with a common axis actuated by stepper motors with angular resolution better than 1 arcsec. The Sellmeier coefficients for the refractive indices of the prism were taken from the work of Rams et al. 33 In this method, light is coupled into the waveguide under different angles of incidence and the intensity of the reflected light is measured. A strong coupling of the incident beam into the film occurs when the component of the impinging wave vector parallel to the layer surface meets the propagation constant of a distinct waveguide mode (m ¼ 0, 1, 2,…), leading to a decrease of the intensity of the reflected light. The minima-positions in the reflected intensity depend on the waveguiding properties of the layer, allowing for simultaneous determination of the refractive index and thickness. In addition, by using both polarizations of the incoming light (TE: electric field polarized parallel to the film surface, TM: electric field polarized approximately normal to the film surface), birefringence of the film can be obtained if the film is thick enough to support at least two guided TE and TM modes. 16, [30] [31] [32] [34] [35] [36] [37] The prism coupling measurement technique is more precise than ellipsometry because it is only slightly affected by variations in the film refractive index or by optical absorption in the film, effects, which cause complications in ellipsometry measurements. 38 In our experience, it is also less sensitive to surface roughness. As described above, the films have to be thick enough to support at least two guided TE and TM modes. 16, [30] [31] [32] [34] [35] [36] [37] 39 In addition, the surface roughness must be well below the wavelength of the coupled light. The latter can be a problem especially for N-polar AlGaN since as-grown surfaces of this polarity are often covered by hillocks. 29, 40 In order to overcome this problem, smooth N-polar GaN grown on 2 miscut sapphire was used. AFM measurements on these samples revealed a root-mean-square (RMS) surface roughness of about 1 nm, which is below the typical RMS values obtained from N-polar GaN layers grown on (0001) sapphire. 29 (Figure 2(b) ), the size of which decreased drastically with increasing Al-concentration leading to smooth N-polar surfaces even for AlGaN films with very low Al-content. This effect was attributed to a change in supersaturation due to the (tri)methyl aluminum flow leading to a change in the growth mode. 29, 41 However, even for the rougher films the surface roughness was always well below the wavelength of the coupled light, allowing for effective application of the prism coupling method.
As mentioned above, a strong coupling occurred when the in-plane projection of the phase velocity of the incoming beam matched the phase velocity of an optical mode in the layer. In order to calculate the modes in our optical waveguide, a coordinate system with the xy plane parallel to the film surface was chosen. In this configuration the z-axis was perpendicular to the film surface, and thus, parallel to the c-axis of the film. The two families of modes that can propagate in such a planar waveguide are the transverse electric (TE, ordinary polarized) and transverse magnetic (TM, extraordinary polarized) modes. The two modes are described as follows: 
where E y (z) and H y (z) describe the transverse field distribution. The propagation constant b ¼ n eff k 0 is the x component of the wave vector, which can be expressed by n eff , the effective refractive index, and k 0 ¼ 2p/k, the vacuum wave number where k is the vacuum optical wavelength. 42 The propagation of the modes is described by the following equations:
where n o and n e are the ordinary and extraordinary refractive indices, respectively. The boundary conditions at the film-air and film-substrate interfaces for the electric and magnetic field in Eqs. (3) and (4) lead to transcendental equations. By solving the equations, a set of optical guided modes are found which propagate with n eff,m . An isotropic approximation was used for the boundary conditions for the TM modes, which sets the film and substrate refractive indices to their respective extraordinary refractive indices. The comparison with the analysis taking into account the full birefringence 35, 39 will be discussed later.
The effective refractive indices of the guided modes are found by measuring the coupling angles through the Snell's relation
where h m is the coupling angle and n p is the prism refractive index. The most accurate way to determine the coupling angles is by measuring the intensity of the reflected beam. As described, the reflection decreases strongly at certain prism angles a m . An example of a typical measurement is shown in Figure 3 . The prism angles a m are then transformed to coupling angles h m by taking into account the refraction on the prism surfaces. It should be mentioned that even though the coupling condition is optimized for a specific m-mode, also all the other modes are weakly excited due to optical scattering inside the film. These unwanted modes are subsequently also out-coupled at specific angles. This phenomenon can be observed on the screen as a pattern of bright discrete m-lines.
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A least square method was used to fit the effective refractive indices of the measured modes. In order to solve the transcendental equation numerically for each polarization (Eqs. (3) and (4)) with appropriate boundary conditions, at least two modes must be measured. This allows simultaneous calculation of the refractive index n o or n e , and the film thickness w. Depending on the wavelength, sample thickness, and surface quality, up to 10 modes were measured. The resolution of the simulation was 0.001 for refractive index and 1 nm for thickness.
The uncertainty in the measurements of the refractive indices for Al x Ga 1Àx N samples is influenced by the following factors. One is the uncertainty of the refractive index and the angles of the prism. Error of the refractive indices of the prism was taken from Rams et al., 33 while our measurement of all three normal reflections of the prism showed uncertainty of the angles below 0.005 . Taking into account both uncertainties, the error of the measurement of one mode's propagation constant is below 0.1%. The precision of the refractive index of the waveguide obtained by fitting the propagation constants is significantly increasing with the number of measured modes. In Table I , the number of measured modes is presented for each sample and compared with the number of calculated modes. Based on our calculations the largest standard uncertainty for the refractive indices is 60.1% for the case, where all existing modes were measured and used in fitting process, and increases to 60.4% for the refractive indices obtained by fitting only two measured modes. For N-polar samples with high aluminum content, the uncertainty is dominated by the surface roughness. The degree of film roughness affects mostly the results of the thickness and the refractive index results are less sensitive to it. Comparing the AFM images (Figure 2) with the inaccuracy in thickness (Table I) , a high level of consistency can be observed. The uncertainty introduced by the sapphire refractive index data is negligible. 36, 43 As mentioned above, the isotropic approximation for the boundary conditions was used which simplifies the numerical calculations for TM modes. Following Sanford et al. 35 and Pezzagna et al., 39 isotropic approximation can be used for the determination of the extraordinary refractive index and affects mostly the results on the film thickness. This was confirmed by our comparison of both methods for a few typical cases. The results for the extraordinary refractive indices obtained by both methods vary from sample to sample but never exceed 0.3%. As Sanford et al. 35 report we also see larger differences in n e values for the samples, where fewer modes were measured. Number of measured modes was lower for the TM polarization (Table II) mostly due to a lower ordinary refractive index of the prism, thus the error on n e is larger compared to the n o measurements. Therefore, we estimate that the error of the n e introduced by isotropic approximation is less significant than the error produced by a limited number of the measured modes. We also observed that values of film thickness obtained by TM polarization measurement are in average smaller for 10-20 nm in comparison to the ones from TE polarization measurements, which is consistent with the Sanford et al. 35 observation. Full birefringence method would then bring better results on the film thickness but we have to take into account that N-polar films are relatively rough; therefore, the error due to the film roughness is dominant.
The ordinary and extraordinary indices measured at various wavelengths were fitted using first-order Sellmeier dispersion formula
The fitted values are given in Table II and the Sellmeier curves are shown in Figure 4 . The fitted curves and the data points agree well, which indicates that the first-order Sellmeier formula is sufficient in the measured wavelength range.
Refractive index results obtained in this study for IIImetal polarity are in good agreement with works like € Ozg€ ur et al., 34 Sanford et al., 35 and Tisch et al. 44 For example, a comparison with the values provided by Sanford et al. shows that the largest difference in refractive index is 0.5%, but for most of the data points it is below 0.1%. However, all these works TABLE I. The number of modes observed at particular wavelength and polarization compared to the number of calculated modes at given wavelength, refractive indices, and film thickness. The samples 1-5 are III-metalpolar and the samples 6-9 are N-polar. In case where all existing modes were measured the largest standard uncertainty for the refractive indices is 60.1% and increases to 60.4% for the refractive indices obtained by fitting only two measured modes. only investigated the III-polar AlGaN layers. In contrast, in this work the refractive indices of the N-polar AlGaN thin films were also measured. As an example, the refractive indices of GaN over the whole investigated wavelength regime for both polarities are displayed in Figure 5 . A comparison between the samples of both polarities shows that the N-polar samples have a slightly lower refractive index. It can be seen that the difference is more pronounced at longer wavelengths. In case of the GaN films, the difference in the ordinary refractive index is 0.1% at 457.9 nm and increases to about 0.6% at 1064 nm. Even though the uncertainty in the refractive index measurements is larger for the N-polar than for III-polar films, the uncertainty is still smaller than the measured refractive index difference between both polarities. The refractive index should not change by a 180 rotation of the crystal, so the smaller refractive index of N-polar samples throughout the whole region of wavelengths is most likely due to the different incorporation of unwanted impurities during growth for the two polarities; it is known that the oxygen impurity concentration is about two orders of magnitude higher in the N-polar material. 45 However, further investigations are needed to clarify this observation.
In summary, we have measured and compared the refractive indices for both, III-metal-polar and N-polar, Al x Ga 1-x N thin films grown by MOCVD on sapphire substrate. The dispersion of ordinary and extraordinary refractive indices was measured at four wavelengths between 458 and 1064 nm in samples with the Al concentration x up to 0.30. The dispersion was described well by the first-order Sellmeier equation. In addition, a small difference in refractive indices between the two materials with different polarity was observed, which probably arose due to different impurity levels in films of different polarity. 
